The Majorana neutrino in type-I seesaw and the pseudo-Dirac neutrinos in the inverse seesaw can have sizable mixings with the light neutrinos in the standard model (SM), through which the heavy neutrinos can be produced at the Large Hadron Collider (LHC). In producing the heavy neutrinos we study a variety of initial states such as quark-quark, quark-gluon and gluongluon as well as photon mediated processes. For the Majorana heavy neutrino production we consider same-sign di-lepton plus di-jet as the signal events. Using the recent ATLAS and CMS data at √ s = 8 TeV with 20.3 fb −1 and 19.7 fb −1 luminosities, respectively, we obtain direct upper bounds on the light-heavy neutrino mixing angles. For the pseudo-Dirac heavy neutrino production we consider the final sate with tri-lepton plus missing energy as the signal events. Using the recent anomalous multi-lepton search by CMS at √ s = 8 TeV with 19.5 fb
Introduction
The current neutrino oscillation data [1] - [6] have established the existence of the neutrino mass and the flavor mixing. This requires us to extend the Standard Model (SM). The seesaw extension [7] - [11] of the SM is probably the simplest idea which can naturally explain the tiny neutrino mass. In case of type-I seesaw, the SM is extended by introducing SM-singlet heavy Majorana neutrino which induce a dimension five operator, leading to a very small light Majorana neutrino masses. If such heavy neutrino mass lies in the electroweak scale, then the heavy neutrinos can be produced in the high energy colliders such as the Large Hadron Collider (LHC) and International Linear Collider (ILC) [12, 13] . As the heavy neutrinos are singlet under the SM gauge group, they obtain the couplings with the SM gauge bosons only through the mixing with light SM neutrinos via the Dirac Yukawa coupling. In the general parameterization for the seesaw formula [14] , the Dirac Yukawa coupling can be sizable for the electroweak scale heavy neutrinos, while reproducing the neutrino oscillation data.
There is another kind of seesaw mechanism, so-called inverse seesaw [15, 16] , where the small Majorana neutrino mass originates from tiny lepton number violating parameters, rather than the suppression by the heavy neutrino mass in the conventional seesaw mechanism. In this case the heavy neutrinos are pseudo-Dirac particles and their Dirac Yukawa couplings can be even order one, while reproducing the tiny neutrino mass. Thus, at the high energy colliders the heavy pseudo-Dirac neutrino can be produced through a sizable mixing with the SM neutrinos.
In this paper we study the heavy neutrino production at the LHC through a variety of initial states such as quark-quark, quark-gluon (qg) and gluon-gluon (gg) as well as the photon mediated processes. For fixed heavy neutrino masses (m N ) we calculate the individual cross section of the respective processes normalized by the square of the mixing angles between light and the heavy neutrinos. We also study the kinematic distributions of the signal events produced by different initial states and find the characteristic distributions corresponding to the individual initial states.
For the Majorana heavy neutrino case we consider the same sign di-lepton plus two jet signal. Using the recent collider studies [17] - [19] we put an upper limit on the light-heavy mixing angles. For the pseudo-Dirac heavy neutrino we consider tri-lepton plus missing energy signal. We compare the upper bounds with those obtained by other experiments [20] - [25] . Though some updated analysis could be found in [26, 27] Using all the initial states the upper bounds given in [28] are improved.
This paper is organized as follows. In Sec. 2, we introduce the models for the type-I and the inverse seesaws. We calculate the production cross sections of the heavy neutrinos at the LHC with a variety of initial states in Sec 3. In Sec. 4, we study the kinematic distributions of the final 1 state particles associated with the heavy neutrino productions for the individual initial states.
In Sec. 5 we simulate the signal events for the heavy neutrino productions. Comparing the generated events with the current LHC data, we obtain improved upper bounds on the mixing angles between the light-heavy neutrinos for the type-I and inverse seesaws, respectively. Sec. 6 is devoted for conclusions.
The Models
In type-I seesaw [29, 30] , we introduce SM gauge-singlet right handed Majorana neutrinos 
After the spontaneous electroweak symmetry breaking by the vacuum expectation value (VEV),
, we obtain the Dirac mass matrix as
. Using the Dirac and Majorana mass matrices we can write the neutrino mass matrix as
Diagonalizing this matrix we obtain the seesaw formula for the light Majorana neutrinos as
For m N ∼ 100 GeV, we may find Y D ∼ 10 −6 with m ν ∼ 0.1 eV. However, in the general parameterization for the seesaw formula [14] , Y D can be as large as 1, and this is the case we consider in this paper.
There is another seesaw mechanism, so-called inverse seesaw [15, 16] , where the light Majorana neutrino mass is generated through tiny lepton number violation. The relevant part of the Lagrangian is given by
where N α R and S β L are two SM-singlet heavy neutrinos with the same lepton numbers, m N is the Dirac mass matrix, and µ is a small Majorana mass matrix violating the lepton numbers.
After the electroweak symmetry breaking we obtain the neutrino mass matrix as Diagonalizing this mass matrix we obtain the light neutrino mass matrix
Note that the smallness of the light neutrino mass originates from the small lepton number violating term µ. The smallness of µ allows the m D m −1 N parameter to be order one even for an electroweak scale heavy neutrino. Since the scale of µ is much smaller than the scale of m N , the heavy neutrinos become the pseudo-Dirac particles. This is the main difference between the type-I and the inverse seesaws. See, for example, [31] for the interaction Lagrangians and the partial decay widths of the heavy neutrinos.
Heavy neutrino production at the LHC
We implement our model in the generator MadGraph5-aMC@NLO [32] - [34] and calculate the production cross section of the heavy neutrino with a variety of initial states such as, qg and gg as well as photon mediated processes. For the final states we consider N + n−jet, where the number of jets is n = 0, 1, 2. We separately calculate the production cross sections for individual initial states to understand which initial states dominantly contribute to the production process of the heavy neutrino. See [35] - [64] for recent studies on heavy neutrino production at high energy colliders.
N and N j production processes from qq and qg initial states
We first consider the final state N from, and N j from both ofand qg initial states.
The relevant Feynman diagrams with the initialstate are shown in Figs. 1 and 2, while those with the initial qg state are shown in Fig. 3 . Fig. 4 shows the combined heavy neutrino production cross section normalized by the square of the mixing angle from the two initial states. For the final state N j we impose the minimum transverse momentum of the jet (p j T ) as 10 GeV, 20 GeV and 30 GeV, respectively. In generating the events we set the Xqcut= p j T j 10 GeVp T  j 20 GeVp T  j 30 GeV  qg p T  j 10 GeVg p T  j 20 GeV  qg p T  j 30 GeV   200  400  600  800  1000 [28] . This is because the parton distribution function (PDF) of gluon is much larger than the PDFs of quarks at the low Bjorken scaling parameter. As the heavy neutrino mass becomes larger, the cross section fromtakes over the one from qg because the gluon PDF sharply drops toward the high Bjorken scaling parameter.
3.2. N jj production processes from, qg and gg initial states Next we consider the N jj final state which comes from the, qg and gg initial states.
The relevant Feynman diagrams with the initial, qg and gg states are shown in Figs. 6-8. whereinitial state always dominates the cross section. Although we may think that the gluon fusion channel could dominate, it is found to be always smaller than the other channels. This is because the Bjorken scaling parameters for two gluons can not be small simultaneously in order to produce the heavy neutrino. On the other hand, we expect the gluon fusion channel cross section becomes larger as we lower the heavy neutrino mass. We can see in Fig. 10 the gluon fusion channel rises sharper than the others towards the low mass region. We see that as the heavy neutrino mass becomes larger, the cross section fromtakes over those from the qg and gg because the gluon PDF sharply drops towards the high Bjorken scaling parameter. 
N j and N jj production processes from photon mediated processes
Apart from the QCD processes we also consider the heavy neutrino production at the LHC through the photon mediated processes. There are three types of photon mediated processes.
The first one is the elastic process where one photon is radiated from one proton and then scatters with a parton in the other proton. The second one is the inelastic process where one photon is radiated from a parton inside one proton and scatters with a parton inside the other proton (for relevant Feynman diagrams, see Fig. 11 ). The third one is the deep-inelastic scattering mediated by photon with a large momentum transfer. (See Fig. 12 for relevant Feynman diagrams.) Analysis of the deep inelastic process has been performed in [70] . All of these processes have been analyzed in [71] .
We calculate the heavy neutrino production cross sections through the three photon mediated processes. For the deep-inelastic processes we switch off the QCD vertices in MadGraph.
Our results are shown in 
Kinematic distributions of the heavy neutrino production
Here we investigate the kinematic distributions of the leptons and jets associated with the heavy neutrino production. The different production processes show typical kinematic distributions. To see this we generate the events for m N = 100 GeV and 500 GeV at the √ s = 14 TeV LHC. We consider the transverse momenta (p T ) and pseudo-rapidities (η) for the leptons, jets and the heavy neutrino as kinematic variables. We also consider the differential cross sections for the final states of N , N j and N jj with the cut p In Fig. 18 the leading jet is defined as j 2 while the j 1 is the non-leading jet (p
T for each event). The η j 1,2 distributions are flatter than those in the N j case. This is because many events include the radiated jets.
We also show the kinematic distributions from the photon mediated processes for the final states N j and N jj. The N j final state comes from the elastic and inelastic processes whereas the N jj comes from the deep inelastic process. The η j 1,2 distributions show the double peaks in all three cases which is a typical feature of the photon mediated processes [71] .
Data analysis and the upper bounds for the mixing angles
The signal events at the parton level were generated by MadGraph5. The showering and hadronization of the events were performed with PYTHIA6.4 [81] and a fast detector simulation was done using DELPHES3 [82, 83] bundled with MadGraph. Hadrons were clustered into jets using the anti-k T algorithm as implemented in FastJet2 [84, 85] with a distance parameter of 0.5. As our signal events are accompanied by n-jets, we incorporate the MLM matching prescription according to [65] - [69] to avoid the double counting of jets and use the matched P T N GeV dΣ dp Figure 15 : The first and second rows show the p T and η distributions of the lepton produced in the N j final state from theand qg 1-jet processes. The third and fourth rows show the same for the heavy neutrino. The left column stands for m N = 100 GeV whereas the right one is for m N = 500 GeV. The left column stands for m N = 100 GeV whereas the right one is for m N = 500 GeV. Figure 17 : The first and second rows show the p T and η distributions of the lepton produced in the N jj final state from the, qg and gg initial states. The third and fourth rows show the same for the heavy neutrino. The left column stands for m N = 100 GeV whereas the right one is for m N = 500 GeV. Figure 18 : The first and second rows show the p T and η distributions of the non-leading jet produced in the N jj final state from the, qg and gg initial states. The third and fourth rows show the same for the leading jet. The left column stands for m N = 100 GeV whereas the right one is for m N = 500 GeV. cross section and events for the analysis after the detector simulation. We consider two cases for the types of heavy neutrinos. One is the Majorana case for which the signal process is
The other is the pseudoDirac case for which the signal process is pp → N 
Same-sign di-lepton plus di-jet signal
For simplicity we consider the case that only one generation of the heavy neutrino is light and accessible to the LHC which couples to only the second generation of the lepton flavor. To generate the events in the MadGraph we use the NN23LO1 PDF [86] - [89] with Xqcut= p j T = 20 GeV and QCUT= 25 GeV. We calculate the cross sections for the processes
functions of m N . Comparing our generated events with the recent ATLAS results [18] at the 8
TeV LHC with the luminosity 20.3 fb −1 , we obtain an upper limit on the mixing angles between the Majorana type heavy neutrino and the SM leptons as a function of m N . In the ATLAS analysis the upper bound of the production cross section (σ AT LAS ) is obtained for the final state with the same-sign di-muon plus di-jet as a function of m N . Using these cross sections we obtain the upper bounds on the mixing angles as follows Figure 20 : The first and second rows show the p T and η distributions of the lepton produced in the N j final state from the photon mediated elastic processes. The third and fourth rows show the same for the heavy neutrino. The left column stands for m N = 100 GeV whereas the right one is for m N = 500 GeV. Figure 22 : The first and second rows show the p T and η distributions of the lepton produced in the N j final state from the photon mediated inelastic processes. The third and fourth rows show the same for the heavy neutrino. The left column stands for m N = 100 GeV whereas the right one is for m N = 500 GeV. Figure 24 : The first and second rows show the p T and η distributions of the lepton produced in the N jj final state from the photon mediated deep-inelastic processes. The third and fourth rows show the same for the heavy neutrino. The left column is for m N = 100 GeV whereas the right one stands for m N = 500 GeV. Figure 25 : The first and second rows show the p T and η distributions of the non-leading jet produced in the N jj final state from photon mediated deep-inelastic processes. The third and fourth rows show the same for the leading jet. The left column is for m N = 100 GeV whereas the right one stands for m N = 500 GeV. 
Our resultant upper bounds on the mixing angles are shown in Fig. 27 , along with the bounds from ATLAS [18] , CMS [19] , LEP (L3) [22] , electroweak precision data for electron (EWPD-e) and muon (EWPD-µ) [23] - [25] , and finally LHC Higgs data (Higgs) [21] . The bound obtained from σ 0−j is consistent with the bound presented in [18] . We can see that a significant improvement on the bounds by adding the σ 1−j and σ 2−j cross sections. We have also calculated the Recently the CMS has performed the same-sign di-lepton plus di-jet search [19] . Using this reslt and adopting the same procedure for the ATLAS result we calculate the upper bound on the mixing angles at the 8 TeV LHC. The results are shown in Fig. 29 . A significant improvement for the upper bound on the mixing angle is obtained by adding the σ 1−j and σ 2−j results to the σ 0−j case. We can see that at the low mass region the bound obtained by the CMS analysis is comparable to our 0-jet plus 1-jet case and in the high mass region that is comparable to our 0-jet case. Using the 8 TeV CMS result [19] we obtain prospective bound at the 14 TeV for the luminosities of 20.3 fb −1 , 300 fb −1 and 1000 fb −1 . The results are shown in Fig. 30 .
Tri-lepton signal
In this analysis we consider two cases. One is the Flavor Diagonal case (FD), where we introduce three generations of the degenerate heavy neutrinos and each generation couples [18] . These bounds are compared to (i) the χ 2 -fit to the LHC Higgs data [21] (Higgs), (ii) from a direct search at LEP [22] (L3), valid only for the electron flavor, (iv) CMS limits from √ s =8 TeV LHC data [19] (CMS8), for a heavy Majorana neutrino of the muon flavor and (v) indirect limit from a global fit to the electroweak precision data [23, 24, 25] (EWPD), for both electron (solid, EWPD-e) and muon (dotted, EWPD-µ) flavors. The shaded region is excluded. [19] . The bounds are compared to (i) the χ 2 -fit to the LHC Higgs data [21] (Higgs), (ii) from a direct search at LEP [22] (L3), valid only for the electron flavor, (iv) ATLAS limits from √ s =8 TeV LHC data [18] (ATLAS 8), for a heavy Majorana neutrino of the muon flavor and (v) indirect limit from a global fit to the electroweak precision data [23, 24, 25] (EWPD), for both electron (solid, EWPDe) and muon (dotted, EWPD-µ) flavors. The shaded region is excluded. where only one heavy neutrino is light and accessible to the LHC which couples to only the first or second generation of the lepton flavor. In this analysis we use the CTEQ6L PDF [90] . We have calculated the bound on the mixing angle for the tri-lepton case using the N j final state in [28] . In the following we extend this analysis by adding the photon mediated processes to the N j final state. We also include the N jj final state.
We generate the 1-jet and the 2-jet parton level processes separately in MadGraph and then gradually hadronize and perform detector simulations with Xqcut= p j T = 30 GeV and QCUT= 36 GeV for the hadronization. In our analysis we use the matched cross section after the detector level analysis. After the signal events are generated we adopt the following basic criteria, used In case (a) we have an upper limit of 37 signal events, while in case (b) leads to an upper limit of 13 signal events. Using these limits, we can set an upper bound on |V N | 2 for a given value of m N .
In Fig. 31 we plot our results of the upper bound for the SF and FD cases. The thick red dashed line (SF 8 
Conclusion
We have studied the productions of heavy Majorana and pseudo-Dirac neutrinos from the type-I and the inverse seesaw mechanisms, respectively. The heavy neutrinos can be produced at the LHC through the sizable mixings with the light neutrinos in the SM. For the heavy neutrino production process, we have considered various initial states such as, qg and gg as well as photon mediated processes to produce the final states N , N j and N jj. We have found that the cross section to produce N j from theinitial state dominates over the qg for 
30
Bjorken scaling parameters for the two gluons can not be small simultaneously. We have also studied the photon mediated processes such as elastic, inelastic and the deep-inelastic processes. for the N j final state from the elastic, inelastic cases and the leading jet from the N jj final state from the deep-inelastic process. The η distributions of the leading and non-leading jets of the photon mediated processes show the distinct double peaks at the forward backward regions. This is a typical feature of the photon mediated process. We notice that the invariant mass distributions of the different final states sharply peak at the vicinity of the heavy neutrino mass, referring to the production of the heavy neutrino almost at rest.
We have studied the collider signatures of Majorana and pseudo-Dirac heavy neutrinos.
From the Majorana heavy neutrino we consider the same-sign di-lepton plus di-jet in the final state. We have generated the signal cross sections by using MadGraph. We compare our results with the recent ATLAS [18] and CMS [19] luminosities, respectively, we have obtained the upper bound on the mixing angles. Using a variety of the initial states we have improved the upper bounds previously obtained in [18] and [19] . For the pseudo-Dirac heavy neutrino we have generated the tri-lepton plus missing energy as the signal events using MadGraph and performed the detector simulation for various initial states. 
